We present numerical results on dispersion relation and electromagnetic fields in a Bragg fiber. Discussions are focused on the hybrid modes. Dispersion relations for TE, TM, and hybrid modes are investigated in four different ways. It is shown that the HE 11 mode is the lowest-order mode and the TM 01 mode is the first higherorder mode. A photonic bandgap is observed in the dispersion relation if the parameters are appropriately changed. We study the influence of a deviation from the quarter-wave stack condition on the dispersion curve and electromagnetic fields. The deviation has little influence on dispersion characteristics. Electromagnetic fields of hybrid modes vanish in the cladding interfaces under the quarter-wave stack condition. Characteristics of the Bragg fiber are related with those in the circular metallic waveguide.
INTRODUCTION
Photonic crystal fibers (PCFs) have received much attention because of their peculiar properties. 1 PCFs can be applied as a low optical nonlinear effect media, an ultralowloss transmission line, and a no-radiation-loss waveguide. One class of PCFs has been proposed as a fiber that uses the photonic bandgap (PBG) introduced by the periodicity of airholes in fused silica. 2 This type of fiber is called the photonic bandgap fiber. The guiding principle enabled us to use a hollow core. The photonic bandgap fibers are divided into two kinds of fiber: The first kind of fiber has an airhole cladding 3, 4 and the second kind is a Bragg fiber 5 or an omniguide fiber, 6 which has alternating cladding layers of high and low indices.
Various properties of PCFs have been revealed, and their modal properties are particularly important as the fundamental characteristics. At the early stage of research in PCFs, characteristics of TE and TM modes have been investigated because of their relative easiness of analysis. Characteristics of hybrid modes are also important because a certain hybrid mode can become the fundamental mode. In fact, the effective indices of hybrid modes have been reported in microstructured waveguides. 7, 8 Characteristics of hybrid modes are also treated in the Bragg fiber. [9] [10] [11] However, information on hybrid modes is insufficient.
The Bragg fiber has been analyzed by several methods. 5, 11 An asymptotic expansion method has been presented that obtained good results with moderate manipulations. [12] [13] [14] The Bragg fiber has been fabricated by a polystyrene-tellurium structure, 15 a chalcogenide glass-polymer structure, 16 and an air-silica structure. 17 Theoretical works on the Bragg fiber have been mainly devoted to deriving eigenvalue equations and to elucidating electromagnetic fields. Some characteristics have been presented for TE and TM modes 14, 18 and for hybrid modes. [10] [11] [12] [13] An analysis method for hybrid modes is explained in a companion paper 19 in which eigenvalue equations and other characteristics are formulated using a 4 ϫ 4 matrix. The present paper is focused on revealing various properties of hybrid modes by presenting numerical examples. After describing how to classify HE into EH modes, dispersion relations are investigated in four different ways. Results are compared with those obtained by a simplified formula under the quarter-wave stack (QWS) condition and are related with characteristics of the circular metallic waveguide. 20 Electromagnetic fields for hybrid modes are also exemplified.
BRIEF DESCRIPTION OF FUNDAMENTAL EQUATIONS OF THE HYBRID MODES
A schematic diagram of the Bragg fiber is shown in Fig. 1 . A cylindrical coordinate system ͑r , , z͒ is used with z being the propagation direction of light. The core radius is r c and its refractive index is n c . The cladding has a periodic structure in which high-and low-index layers are alternately repeated. One layer of the cladding has thickness a and refractive index n a , and the other layer has thickness b and refractive index n b ͑n a Ͼ n b Ͼ n c ͒. The period is set to be ⌳ = a + b. The core index n c is prescribed to be unity throughout this paper. Relative radial coordinates for the mth cladding layers a and b are denoted by Roman-style fonts a and b are used to represent the cladding bilayers, and italic-style fonts a and b are used to represent the cladding thicknesses. For a fiber having a relatively large core radius r c , we can employ an asymptotic expansion for the Hankel function at large arguments 21 to express cladding fields. Assume that electromagnetic field components have a spatiotemporal factor of U tz = exp͓i͑t − ␤z͔͒, with and ␤ being the angular frequency and the propagation con-stant, respectively. Field components, H z , E , E z , and H are selected as fundamental components to be connected in each interface. The main results obtained in a companion paper 19 are collected in this section.
A. Eigenvalue Equations by the Asymptotic Expansion Method
The cladding in the Bragg fiber is regarded as a periodic structure with period ⌳. If a material has a periodicity such as n͑r + ⌳͒ = n͑r͒, wave functions in the medium satisfy the Floquet theorem. 22 From the requirement of the finite field condition in the core region and the boundary condition at the core-cladding interface, we can obtain the first eigenvalue equation for the hybrid modes 
where
Here, J ͑z͒ denotes the Bessel function of order and argument z. The prime indicates differentiation with respect to its argument. The symbol i indicates the lateral propagation constant for a region having the refractive index n i , k 0 =2 / 0 is the vacuum wavenumber, 0 is the vacuum wavelength, and is the azimuthal mode number. The suffix S in Eq. (2) applies to TE or TM, and the subscript j is 1 or 2. Equation (1) secures a high accuracy for i r ӷ 1. A factor included in Eq. (2) constitutes the second eigenvalue equation and is derived from the periodicity in the cladding, as shown in
Here, K j S indicates the Bloch wavenumber common over the entire cladding region. The upper and lower signs in the double-sign notation correspond to j = 1 and 2, respectively, where the value of j must be appropriately selected to obtain a guided mode.
14 Parameters X S and Y S are represented by
͑5͒
B. Electromagnetic Fields
Electromagnetic fields have been formulated using a matrix form. 19 Results for the core and cladding are
The upper and lower rows in the above expressions apply to the core and cladding, respectively. The subscript i is set to c, a, and b for the core, cladding layer a and cladding layer b, respectively. ␣ is a ratio in amplitude coefficients of the cladding to the core and is expressed by
Expressions for M ± S , M ± , and N ± are shown in Appendix A. In addition, is equal to c for the core and is set to be i a or i b for the cladding layer a or b in Eqs. (7a)-(7d). And 0 denotes the magnetic permeability in vacuum. In calculating electromagnetic fields in Section 5, the amplitude coefficient of the E z component in the core is set to be 2C c and that of H z becomes 2A c , provided that 2A c = −2C c ͑P␤ / 0 ͒ is employed.
The P parameter indicates the ratio of magnitudes in two axial field components and is defined by
which is used to designate modes. We get P = 0 for the TM mode and P = ϱ for the TE mode. The P parameter of the same hybrid mode exhibits a different sign depending on whether its effective index ␤ / k 0 is larger or smaller than a tentative index n t , as will be shown in Fig. 2 . Hence, mode designation is performed here by using the sign of P for ␤ / k 0 Ͼ n t so as to be consistent with that in the ordinary step-index optical fiber. 23 For ജ 1, modes satisfying P Ͼ 0 are called the EH mode while modes satisfying P Ͻ 0 are called the HE mode.
C. Eigenvalue Equations under the Quarter-Wave Stack Condition
The QWS condition is given by
which is used to relate to cladding parameters a, b, n a , n b , a , and b . Note that i is not an imaginary unit in Eq. (10) . If the QWS condition is satisfied, then the eigenvalue Eq. (1) can be simplified to be
with
Here, j , and j , Ј indicate the th zeros of J and J Ј, respectively, and corresponds to the radial mode number.
Equation (11a) consists of only the core parameters except for ␤ / k 0 . Information about the core and the cladding are related to each other via ␤ / k 0 .
MODE DESIGNATION BY THE P PARAMETER
The propagation constant ␤ is usually determined by solving the eigenvalue equation under prescribed parameters.
Here and in Section 4, cladding parameters are at first prescribed such that the QWS condition holds for a particular ␤ / k 0 = n t where n t is called the tentative refractive index. Once the cladding refractive indices n a and n b and an operation wavelength 0 are fixed, then cladding thicknesses a and b are determined from Eq. (10). Equation (1) produces two solution groups for an individual ͑ 0͒. Values of the P parameter are plotted in Fig. 2 to designate their modes as a function of ␤ / k 0 for =1, n a = 2.5, n b = 1.5, 0 = 1.55 m, and n t = 0.8. Each ␤ / k 0 is calculated by solving the eigenvalue equation for a given r c . Values indicated by solid and dashed curves change their sign at ␤ / k 0 = n t . This means that in the Bragg fiber the properties of hybrid modes change depending on an operation condition unlike the ordinary step-index fiber. Each mode is designated by the sign of P for ␤ / k 0 Ͼ n t , as stated above. It is desirable that the hybrid modes in the Bragg fiber be called HE-like and EHlike modes. Hence, we can get HE 11 and EH 11 modes from the solid and dashed curves, respectively. It is found that at the QWS condition the HE mode exhibits a property of the TE mode characterized by P = ϱ, namely, E z = 0, and the EH mode exhibits that of the TM modes characterized by P = 0, namely, H z =0.
Mode designation of HE and EH modes is possible by calculating the P parameter value for any . The radial mode number is classified by the order in which modes appear from large ␤ / k 0 , for example, for a fixed core radius.
DISPERSION RELATION
It is known that optical power is efficiently confined to the core if the QWS condition is satisfied. However, an operation condition may shift from the condition under actual circumstances.
Four kinds of cases are considered here to elucidate the dispersion relation. The first one is a case in which the core radius r c is changed with keeping the cladding structure unchanged. The second case is that only the lowestorder mode, HE 11 mode, is supported under the QWS condition, and that other modes propagate under fiber parameters for which the HE 11 mode is optimized. The third case is the one in which the core radius r c is once fixed under a particular wavelength 0 and then r c / 0 is changed by keeping two ratios, a / r c and b / r c , constant. The last case is the one in which the wavelength is changed relative to a fixed combination of fiber parameters. 
A. Case of Independent Change in r c by Keeping the Cladding Structure Unchanged
In this subsection, after a and b are determined in the same way as in Section 3, the core radius r c is independently changed by keeping the cladding structure unchanged. Figure 3 shows ␤ / k 0 curves for HE 1 and EH 1 modes as a function of the core radius r c . This figure shows a comparison of characteristics for three different cases: n t = 0.2, 0.8, and the QWS condition. For the latest case, the QWS condition is maintained for each mode in this case by solving Eq. (11a) instead of Eq. (1). Parameters used are n a = 2.5, n b = 1.5, and 0 = 1.55 m. Curves at the QWS agree exactly with other curves at ␤ / k 0 = n t . The prescribed n t value has little influence on the rough shape of the dispersion curves over the entire r c region. We can find the upper cutoff in a curve for n t = 0.2. The cutoff index n cut is defined by a value of ␤ / k 0 at which Re͑X S ͒ = ± 1 is satisfied.
14 This condition agrees with that giving edges of the PBG. We get the upper cutoff index n cut,U = 0.863, which is identical with that of the TM mode. It is evident that the simplified eigenvalue Eq. (11a) under the QWS condition can be conveniently used instead of the transcendental Eq. (1).
Normalized propagation constant ␤ / k 0 is illustrated in Fig. 4 for TE, TM, and hybrid modes under n a = 2.5, n t = 0.8, and 0 = 1.55 m. It is clear from the figure that the HE 11 mode is the lowest-order mode and the TM 01 mode is the first higher-order mode in the Bragg fiber. This is a remarkable contrast to the ordinary step-index optical fiber, 24 the total internal reflection PCF, 7 and the structure with microstructured holes 8 in which the TE 01 mode is the first higher-order mode. Degeneracy between the EH 1 and TE 0 modes, which takes place at the QWS condition, 19 is slightly dissolved in this case. Of course, the EH 1 mode is degenerate with the TE 0 mode at ␤ / k 0 = 0.8 since n t = 0.8 is prescribed here.
Results obtained in the above paragraph can be supported in two different ways. It has been proved by the asymptotic expansion method 19 that a conclusion about the fundamental and first higher-order modes holds both at and near the QWS condition in the Bragg fiber. The results are closely related with characteristics in the circular metallic waveguide, 20 in which the fundamental mode is the TE 11 mode, the first higher-order mode is the TM 01 mode, and the TM 1 mode is degenerate with the TE 0 mode. It will be shown in Figs. 11 and 12 that the HE and EH modes have only the slight E z and H z components, respectively, in the vicinity of the QWS condition, indicating that in the Bragg fiber the HE and EH modes reduce approximately to the TE and TM modes, respectively, even when an operation condition deviates from the QWS condition. Consequently, it is reasonable to consider that the HE and EH modes in the Bragg fiber approximately correspond to the TE and TM modes, respectively, having the same and in the circular metallic waveguide.
We now show a comparison of Fig. 4 with a previous result. The effective indices of the Bragg fiber have been presented for a wavelength near 1.6 m. 10 The order of the two lowest-order modes agrees with ours. We can find a difference in that higher-order HE modes and the EH mode appear between the TM 01 and TE 02 modes in the present result. Figure 5 shows a cladding index difference effect on ␤ / k 0 for TE, TM, and hybrid modes with n a = 2.0. The n a value is lower than that in Fig. 4 while other parameters are kept unchanged. We can see that the cutoff appears for any mode in the upper and lower regions of the ␤ / k 0 scale. We call this the upper and lower cutoff indices, n cut,U and n cut,L . We can obtain n cut,U = 0.929 and n cut,L = 0.516 for hybrid modes. These cutoff values are identical with those for the TM mode.
14 This is because propagation characteristics for hybrid modes are represented by a combination of TE and TM modes in the present theory, and the TM modes is inclined to be cut off more than the TE mode. The TE mode has no upper cutoff and has n cut,L = 0.439 in this case. However, the TE mode never has an upper cutoff under the QWS condition. 19 Dispersion curves exhibit nearly the same shape as those in Fig.  4 except for the existence of the cutoff. 
B. Case in Which Only the HE 11 Mode is Sustained under the Quarter-Wave Stack Condition
Let us consider a case in which only the HE 11 mode is operated under the QWS condition. If r c / 0 , n a , and n b are fixed, then values of a / r c and b / r c are determined under the QWS condition. In this case, the same a / r c and b / r c values are also kept for other modes. That is, other modes propagate under cladding parameters for which the HE 11 mode is optimized. This result is shown in Fig. 6 with n a = 2.5 and n b = 1.5. Figure 6 (a) shows ␤ / k 0 curves as a function of the core radius r c for TE, TM, and hybrid modes. Only the modes with =0,1 are shown here to avoid complexity. Lower cutoffs appear for higher-order modes. This tendency can be explained as follows. Since the QWS condition is satisfied for the HE 11 mode alone, optical confinement is optimized only for this mode. Optical confinement is degraded for higher-order modes and hence the higher-order modes tend to be cut off. We can also see a tendency that hybrid and TM modes are more readily cut off than the TE mode for an identical r c . This is because hybrid modes are constituted from the same electromagnetic components as those of the TM mode. Figure 6 (b) depicts cladding thicknesses a and b versus the r c for the parameters in Fig.  6 (a). The thicknesses a and b are little dependent on the core radius.
Although optical confinement is optimized for the QWS condition, it is not realizable for all guided modes simultaneously. The HE 11 mode is the fundamental mode in the Bragg fiber. In an actual fiber design, it is natural that the QWS condition is applied to the HE 11 mode at first. The above calculation is useful for such situations.
C. Case of Fixed Ratios a / r c and b / r c
At first, the wavelength is set to be 0 = 1.55 m. Cladding layer thicknesses a and b are determined such that the QWS condition [Eq. (10) ] is satisfied for n a = 2.5, n b = 1.5, and n t = 0.8.
In a first example, the core radius r c is prescribed so that the HE 11 mode satisfies the eigenvalue Eq. (11a). We set r c / 0 = 0.4884, a / r c = 0.2161, and b / r c = 0.4034, that is, r c / ⌳ = 1.614, a / ⌳ = 0.3488, and b / ⌳ = 0.6512. Next, the core radius r c is changed relative to the wavelength by keeping the ratios a / r c and b / r c constant. Figure 7 shows ␤ / k 0 versus r c / 0 for several propagation modes. Modes exist only in the neighborhood of r c / 0 = 0.5 ranging from 0.374 to 0.568 for the HE 11 mode. Both ends, r cut,L / 0 and r cut,U / 0 , of this existing region depend on the individual mode and correspond to the PBG edges where Re͑X S ͒ = −1 is satisfied. Since optical confinement is optimized for r c / 0 = 0.488, each mode can be guided only near this ratio value, which corresponds to the ratio of the core radius to the wavelength, namely, 0.757/ 1.55= 0.488.
In a second example, r c = 0 = 1.55 m is first prescribed and its ratio r c / 0 is later varied. Results for several hybrid modes are shown in Fig. 8 for n a = 2.5, 2.0, and 1.51. Although 12 kinds of modes propagate in this case as ex- pected from Fig. 4 , only three modes are shown here to avoid complexity. Curves appear in the vicinity of r c / 0 = 1.0. Since the ␤ / k 0 value for the EH 11 mode is close to the prescribed n t , the EH 11 mode tends to be guided over a relatively wider range for the identical n a value. Since the lower limit, r cut,L / 0 , of the HE 12 mode is located near the guiding limit, its value depends little on the n a value. The HE 11 mode is inclined to be cut off more easily than other modes. It is clear that the guidance width increases by increasing the cladding index contrast, n a − n b , for any mode.
D. versus ␤ Curve
We set the core radius r c as well as cladding layer thicknesses a and b in the same way as in Fig. 7 . Next the parameters are fixed at r c / ⌳ = 1.614, a / ⌳ = 0.3488, and b / ⌳ = 0.6512. Then the wavelength 0 is changed by keeping the fiber parameters constant. The − ␤ curve is shown in Fig. 9 . Here, N = ⌳ / 0 is the angular frequency normalized by 2c / ⌳, and ␤ N = ͑␤ / k 0 ͒ N is the propagation constant normalized by 2 / ⌳ with c being the light velocity of vacuum. It is found that three modes appear within a particular frequency range. The QWS condition is exactly satisfied at a point of ͑␤ N , N ͒ = ͑0.2421, 0.3026͒. Although similar curves are frequently shown, the present parameters are chosen such that the QWS condition is included for a specific case.
Dispersion curves have been presented for an air-core Bragg fiber using the transfer-matrix method 9, 25 and the finite-difference time-domain method. 10 Parameters prescribed in Fig. 3 of the former case 9 are n a = 4.6, n b = 1.6, r c = 2.0 ⌳, a = 0.33 ⌳, and b = 0.67 ⌳. Dispersion curves for the same parameters are illustrated in Fig. 10 using the present method for the sake of comparison. The present result is in excellent agreement with previous data except for the vicinity of the PBG edges. These data verify the validity of the present method. Figure 11 (a)-11(c) show electromagnetic field distributions for several tangential field components of the HE 11 mode with three different ␤ / k 0 values. Their fields are shown with up to five cladding bilayers. Fiber parameters are prescribed at n a = 2.5, n b = 1.5, 0 = 1.55 m, and n t = 0.8 such that the QWS condition is satisfied. In calculating fields of HE modes, A c = 0.5 is used and electric fields are divided by the impedance of vacuum Z 0 for normalization. A case of ␤ / k 0 = 0.7 is shown in Fig. 11(a) . Tangential field components are all continuous at whole interfaces. The sign of E z and H z components is opposite at every radial coordinate within the core. Accordingly, P Ͼ 0 is maintained in the ␤ / k 0 Ͻ n t region. In the case of Fig. 11(c) with ␤ / k 0 = 0.9 we can conversely observe P Ͻ 0 from the sign of the E z and H z in the core. The magnitude of the E z is minute within the core for any case. A close observation of Figs. 11(a) and 11(c) reveals that the sign of P alters in the cladding region where its field relatively decays. Figure 11 (b) shows a case in which the QWS condition is exactly satisfied. Since P = ϱ holds under the QWS condition, the HE 11 mode reduces to the TE mode, indicating E z = 0. Although the E z component disappears within the core, its slight quantity resides in the cladding layers for reasons that are explained below. In addition, we can see that E = 0 at the core-cladding interface, r = r c . Normal field components are represented in terms of the tangen- Fig. 7 except that r c = 1.55 m is at first prescribed, and n a is prescribed for 2.5, 2.0, and 1.51. tial field components, as shown by E r = ͑ 0 / ␤͒H and H r =−͑␤ / 0 ͒E . 19 These are due to the fact that most of the optical wave is confined to the core under the QWS condition. This makes it possible for the TE or TM mode to be readily supported in the Bragg fiber, which is analogous to the circular metallic waveguide. 20 Peculiar properties of cladding fields can be found from Fig. 11(b) . The electric tangential components E z and E vanish at the inner interfaces of cladding layer a, as shown in Appendix B, and they have maximal or minimal values at its outer interfaces. E z is positive for r c +2͑m −1͒⌳Ͻr Ͻ r c + ͑2m −1͒⌳ and is negative for r c + ͑2m −1͒⌳ Ͻ r Ͻ r c +2m⌳ with m being an integer. On the other hand, the magnetic tangential components H z and H are equal to zero at the outer interfaces of cladding layer a, and they have relative maximum or minimum values at its inner interfaces. H z is positive for r c Ͻ r Ͻ r c + a or r c + ͑2m −1͒⌳ + a Ͻ r Ͻ r c +2m⌳ + a and is negative for r c +2͑m −1͒⌳ + a Ͻ r Ͻ r c + ͑2m −1͒⌳ + a. The residual axial components show that the sign of P changes every cladding layer a or b. The oscillatory behavior of cladding fields is evidence that an optical wave is confined to the core due to the Bragg diffraction, namely, the interference between outward and inward waves in the cladding. These results are valid for any HE or EH mode, provided that the QWS condition of Eq. (10) is exactly satisfied.
ELECTROMAGNETIC FIELDS
Electromagnetic fields for hybrid modes have been presented by the asymptotic matrix method.
12,13 Reference 13 suggests that Figs. 8(a) and 8(b) in the literature correspond to EH 11 and HE 11 modes, respectively. The QWS condition is never satisfied under their fiber parameters. However, we can see a resemblance in the field property that in the HE mode H z =0 at r =0, ͉H ͉ is maximum at r = 0, and the two magnetic field components vanish near r = r c + a + ͑m −1͒⌳.
Several tangential field components of the EH 11 mode are illustrated in Figs. 12(a)-12(c) for three ␤ / k 0 values. For EH modes, C c = 0.5 is prescribed and the magnetic fields are multiplied by Z 0 for normalization. The iE component shows an extremely small value in their cladding regions. It is found that for the ␤ / k 0 Ͻ n t case [see Fig.  12(a) ] we have the same sign for both E z and H z , namely, P Ͻ 0 in the core, while we have P Ͼ 0 for the ␤ / k 0 Ͼ n t case [see Fig. 12(c) ]. The magnitude of H z is markedly small in the EH mode compared with E z in the HE mode.
For the exact QWS condition [see Fig. 12(b) ], the H z component disappears exactly in the core and the innermost cladding bilayers and resides slightly in other cladding layers. This residual H z can be explained in the same way as for the E z of the HE mode. A relation E = E z =0 holds at r = r c , as expected from theory. 19 This vanishing condition is in agreement with the boundary condition in the circular metallic waveguide, as pointed out above. Normal components are expressed by E r = ͑␤ / 0 Y i 2 ͒H and H r =−͑ 0 Y i 2 / ␤͒E with Y i being the characteristic admittance. Peculiar properties on the cladding fields are also valid for the EH 11 mode. Figure 13 depicts electromagnetic fields of a higherorder hybrid mode, HE 22 mode, under the QWS condition.
The eigenvalue was calculated using Eq. (11a) and j 2,2 Ј = 6.70613. Electromagnetic fields have one node in the core region and the number of nodes corresponds to −1. In this case the magnitude of all field components is zero at the core center unlike the HE 11 mode. Its fields extend to the cladding more than the HE 11 mode case. The HE mode reduces to the TE mode under the QWS condition, as pointed out previously. The E z component disappears exactly in the core but it slightly resides in the cladding in spite of the above fact.
Fields of the HE 11 mode are shown in Fig. 14 for a high n a value case. Here, n a = 4.6 and the QWS condition is sat- isfied. Distributions for the H z and H take on shapes similar to those in Fig. 8(b) of Ref. 13 , although the prescribed parameters are different from each other.
It was confirmed from the above numerical examples that all tangential field components are continuous in the whole interfaces for both HE and EH modes. This fact supports the self-consistency of the present theory.
SUMMARY
The dispersion relation has been presented for TE, TM, and hybrid modes of Bragg fibers with the help of the eigenvalue Eq. (1) Behavior of hybrid modes changes depending on an operation condition, namely, ␤ / k 0 . In particular, the HE and EH modes reduce to the TE and TM modes, respectively, under the QWS condition. In the Bragg fiber the lowestorder mode is the HE 11 mode, and the first higher-order mode is the TM 01 mode.
The dispersion relation was investigated in four different ways. In the case of an independent change in r c by keeping cladding structure unchanged, the cutoff appears for a small cladding index contrast in hybrid modes. In a case in which only the HE 11 mode is sustained under the QWS condition, the cutoff is inclined to appear for higherorder modes. In a case of fixed ratios, a / r c and b / r c , the guidance width decreases by decreasing the cladding index contrast. A commonly used − ␤ curve has also been presented, indicating a good agreement with prior data.
Electromagnetic fields for HE and EH modes were shown. All their tangential field components are continuous in whole interfaces. The P parameter characterizing the modal property varies depending on the sign of ͑␤ / k 0 − n t ͒ unlike the ordinary step-index fiber, although E z for the HE mode and H z for the EH mode are small in the core of the Bragg fiber. In the case of the exact QWS condition, values of E z and E vanish at the core-cladding interface for both HE and EH modes, as in the case of the circular metallic waveguide. However, electromagnetic fields extend into the cladding in the Bragg fiber unlike the circular metallic waveguide. 
APPENDIX A: EXPRESSIONS FOR ELECTROMAGNETIC FIELD DISTRIBUTION IN EQUATIONS (7a)-(7d)
M
APPENDIX B: VANISHMENT OF FIELDS AT PARTICULAR CLADDING INTERFACES UNDER THE QUARTER-WAVE STACK CONDITION
E at the inner interfaces of cladding layer a, namely, a relative radial coordinate of r a,m = 0, can be expressed as Vanishment of E z can be proved using Eq. (7a) in the same way as that of E . Vanishment of H z and H at the outer interfaces of cladding layer a can be derived by using Eqs. (7b) and (7d), putting r a,m = a, and by utilizing a a = / 2 in a manner similar to that of E .
